This paper describes the objectives and methodology of the WACUP (Worldwide Approximations of Current
INTRODUCTION
The design of catenary risers, riser towers, and export lines is key to oil and gas production in the deep ocean. Winds, waves, surface currents and current profiles are essential inputs to the design of these riser systems. With regards to current loading, the variety and abundance of current profiles can make it difficult to determine which profiles are most appropriate for determining extreme and fatigue loading on risers. The choices become increasingly difficult on the frontier of deepwater oil and gas developments as risers are increasingly being required to successfully operate in harsher environments and deeper water. However, longer and more detailed current measurements from in-situ deployments continue to become available. Two or three year current profile records are now common.
Risers such as steel catenary risers (SCRs), top-tensioned risers (TTRs), drilling risers, hybrid risers and flexible risers may be installed in a variety of configurations depending on the application. Steel risers are susceptible to fatigue from currents, but flexible risers are not normally considered to be susceptible to VIV. The significance of long-term current load depends on the riser type and design, and may also drive the requirement for VIV strakes or fairings, which are often an unwanted complication in the design.
The detail required for current specification depends on the margins of safety in the design. A riser should be designed to have known safety margins with respect to its ultimate fatigue and strength performance; therefore quantifying the loads as accurately as possible over the lifetime of the riser is very important. This is particularly the case in harsh environments or deepwater where design feasibility is marginal, and it is desirable to remove as much unnecessary conservatism from the design as possible.
A simplified approach to designing for long-term current loading is appropriate when the design margins are large. However, with the detailed databases that have come available with greater experience in deepwater, we can now reduce the uncertainties and eliminate some of the unnecessary conservatism that came with a more simplified approach. Riser designs that are required for deepwater and harsh environments require the reduced design conservatism that can be gained from having the best possible quality of data available to the riser designers. A key area where we can achieve improved design margins is improving our measurement and assessment of long-term current loading. However, considering thousands of measured or hindcast currents and waves in a design is computationally intensive. It is more efficient to combine responsebased design with a comprehensive characterization of the long-term current variability.
Proceedings of the ASME 2012 31st International Conference on Ocean, Offshore and Arctic Engineering OMAE2012 July 1-6, 2012, Rio de Janeiro, Brazil VIV design is improved by a more detailed yet computationally efficient description of the current environment and system response. Sometimes the VIV analysis may compromise the design or it may determine the feasibility of the riser. In some cases significant lengths of VIV strakes or fairings may be required. This can be undesirable, particularly for drilling risers. On the other hand, a simplified approach that uses a small number of current profiles can be appropriate for riser systems located in offshore regions where VIV is generally not a large issue. In these systems, it is possible to get an adequate demonstration of system feasibility by making a few, simple, conservative assumptions about shape combined with a small number of VIV analyses.
Common design practice often considers several hundred profiles. A typical year long set of measurements often contains more than 50,000 individual profiles, which are often "condensed" into less than a few hundred profiles. Steel catenary risers (SCRs) are a special case. Reduction techniques for catenary riser design are complicated because current direction can be critical and must not be lost. For all riser types, the most serious limitation of the data reduction techniques that are being widely used is that they cannot represent extreme current events at the return period levels that are required for engineering design.
To-date, the accepted practice has been to select a set of individual depths for independent modelling of climatology and extreme values. These choices were necessary when we had less detailed data, but they loose the spatial coherence of the vertical profile. This means that design conditions are often unnecessarily conservative.
The first attempts to simplify the data while conserving spatial coherence used Empirical Orthogonal Functions (EOF) (Forristall and Cooper, 1997 [1] ). That study used measurements from west of the Shetland Islands. Jeans et al. [2] used the EOF methodology for deep-water sites in the FaeroeShetland Channel. Both studies found that that the first two or three modes account for most of the variability in the profile shapes and that the joint probabilities of the EOF amplitudes yield reliable design conditions. Where the vertical structure of the processes is simple, EOF methods yield an efficient, useful way of characterizing both extreme currents and those for dayto-day operations.
In deep offshore West Africa, Meling et al. [3] saw a large variability in current speed and direction. They found that many more than two or three EOF modes were needed to account for the current profile shapes. It would be better in that case to find another method to categorize the profiles. Alternatively, perhaps finding a suitable way to preprocess the profile database could make an EOF analysis successful. The data could be partitioned by time scale, location above and below the thermocline, or by the magnitude of the response before the EOF analysis.
Conditional Current Analysis (CCA) is a recently developed method for charactising vertically coherent extreme profiles (Winterstein et al. [4] ). Coherence is conserved using linear regression to determine relationships between different levels, providing a different set of coherent profiles associated with extremes at each depth level.
Although current direction has important effects on structures, it is often ignored because it greatly complicates analysis and modelling, in particular for VIV. Response based design approaches could be used with a simplified calculation of the dynamic or static behaviour of the riser to help classification or EOF approximation of directional profiles.
WACUP PROJECT
The purpose of WACUP is to establish a new set of best practices for simplifying and reducing the most important information in measured in-situ databases. Improving simplification and reduction will improve the criteria for riser design. The strategy is to study and compare four oceanographically different test cases that have large, detailed measured insitu databases. The four test cases are in 1) the Gulf of Mexico; 2) the Norwegian North Sea; 3) offshore Brazil and 4) offshore Angola. The project has focussed on steel catenary risers (SCRs) though the basic principles of the investigation are applicable to other common riser types, including as TTRs, drilling risers or hybrids.
The WACUP project is organised in several work packages: The first one is the collection and quality check of the in situ databases, as well as state of the art and choice of available numerical models for comparison. The second aims at describing, analysing and comparing the databases: In-situ versus numerical, time scale decomposition, spatial variability. The following WP has developed and run the tools for the three types of classification / reduction techniques of current profiles selected for the project: Characteristic Current Profiles (CPC), Empirical Orthogonal Functions (EOF), Self Organizing Maps (SOM). The results are used in a different work package, mainly from EOF, to produce histograms and fitted statistical properties and distributions of approximate profiles. A last task was to define the riser models then run VIV fatigue and extreme analyses on raw and reduced databases.
DATABASES

In situ measurements
Each participating company provided a database of in-situ current measurements representative of one the four locations. The quality of these data varied, with several initially containing numerous invalid records as a result of the quality control procedures. All datasets were brought to a common "Gold Standard" time series of complete current profiles, via various infilling algorithms. The following provides a summary of each database. The Gulf of Mexico is subjected to a number of oceanographic phenomena that will impact the design and fatigue life of an installation. Captured within this dataset are inertial currents, Loop Current Eddies and suspected Topographic Rosby Waves. Typically, the inertial currents are seen propagating from a near-surface event, be it high winds or Loop Current Eddy Impact, down to approximately 300 m. In addition, deepwater events that cover the lower 2500 m lasting for approximately 4 days are observed a number of times during the measurement campaign.
Gulf of Mexico. This database is situated in approxi-
Norwegian North Sea. This database is situated in approximately 370 m of water and spans two periods In total, 12 individual levels are measured. This dataset is described in more detail in another OMAE 2012 paper by Jeans et al [5] .
A weak western boundary current, The Brazil Current, runs parallel to the coastline along the coast of Brazil from approximately 09° South to 38° South where it collides with the northward flowing Falkland Current. This mesoscale feature dominates the upper 100 m of this dataset where currents are almost continually flowing towards the southwest. Below this the currents weaken significantly at the 350 m layer before intensifying again at approximately 800 m where it is believed the Intermediate Western Boundary Current flows predominantly towards the northwest to north. Below 800 m the current again becomes weaker but remains generally flowing towards the north. With the fine resolution of the upper 40 m of this dataset, complex layers of current are observed. The very near surface currents (< 20 m below MSL) have no clear dominant direction which is suspected to be due to atmospheric interactions. Between 20 m and 40 m the currents flow generally towards the southeast before switching to flowing towards the northwest from 70 m downwards. These complex bands of current are a consequence of the dynamic ocean features found in this region, namely, the Angola Current, the influence of seasonal upwelling off the Namibian Coast and the fresh water input of the Congo River to name but a few. However, these features are restricted to the upper few hundreds meters below which currents speeds are typically very low and uniform with depth.
Numerical models
The most relevant official 3D ocean global or large scale models which cover Brazil, Shetland island, West Africa and the Gulf of Mexico are gathered in Tab. 1.
ECCO data have the longest time coverage. NCOM data present the highest time resolution but only the last 18 days are freely available on the web. Concerning the spatial resolution, HYCOM, RTOFS and MERCATOR data are the most relevant. In addition, RTOFS data are issued from a system which uses high quality freshwater inputs. The Japanese model MOVE/MRI presents a high vertical resolution but is not freely available. The TOPAZ system has an advanced assimilation module based on EnKF whereas C-NOOFS model and ORCA data do not take into account genuine data. Finally, C-NOOFS and FOAM results are not freely available on the web but only charts are provided. Besides, the ocean model from the University of Massachusetts-Dartmouth and Woods Hole Oceanographic Institution (global FVCOM) should be added to this list, but it is only permitted for use in non-commercial academic research.
The time and spatial resolutions of the different models presented here do not enable the study of the variability of all the physical processes governing the hydrodynamics. Thus, wind induced circulation cannot be well reproduced with atmospheric forcing with a too low spatial resolution. Besides, the time sampling of these modelled data do not enable the study of tidal effects. Therefore, it is worth mentioning that nested regional models in such global configurations can be a solution to reproduce the real spatio-temporal variability of the ocean currents. It is difficult to list all the 3D regional models Many efforts have been carried out by research institutes or private companies to validate their models. Published validations emphasize the ability of models to well reproduce temperature, salinity and water mass transport. The models which assimilate data are undoubtedly closest to the reality than the others. Nevertheless, for some models (BLUElink, C-NOOFS, FOAM, ORCA, RTOFS), there is little information about current validation.
For the purposes of WACUP, the Hybrid Coordinate Ocean Model (HYCOM) model was selected for comparison with insitu current data sets. HYCOM [6] is a 3D global model with 1/12° spatial resolution and 32 levels on the vertical. Its bathymetry is derived from a digital terrain dataset (AVO-NRL DBDB2). The model takes into account atmospheric forcing (from NOGAPS) and rivers runoff (from climatology values). It assimilates satellite altimeter observations (Jason, GFO, Envisat), satellite and in-situ Sea Surface Temperature and in-situ temperature and salinity profiles (XBTs, ARGO floats, moored buoys).
The validation studies showed that model profiles require careful validation and calibration before being used to derive criteria for riser design applications. The results are described by Jeans et al [5] for the dataset offshore Brazil. In summary, current speeds were underestimated by typically a factor of two, while current directions were better represented. 
TECHNIQUES OF CLASSIFICATION Characteristic Current Profiles
The Characteristic Current Profile (CPC) algorithms were developed in response to the increasing demand to reduce large in-situ current time series datasets into smaller characteristic datasets whilst retaining the key information needed for riser fatigue and design studies. Quite simply, it attempts to summarize many thousands of profiles into a reduced number of characteristic profiles with an associated percentage occurrence.
WACUP utilised the established method of direct CPC described by Jeans et al. [2] . The direct method has proven effective when the EOF method fails to capture the dominant characteristics of flow in just a few modes (e.g. Jeans & Cooper, 2005 [7] ). For each current velocity time series, a number of possible states are defined at each selected depth level, and possible characteristic profiles are constructed from every permutation of these states. The number of measured profiles corresponding to each of these possible characteristic profiles is then counted and percentage occurrence values derived. The major disadvantage of this technique, compared to the EOF approach (described below), is the fact that a relatively small number of depth levels must be selected to prevent the number of possible profiles becoming too large. The resulting characteristic profiles will therefore generally have lower vertical resolution than those derived using the EOF approach, in which there is no limit to the number of depth levels that can be included.
Even when the current regime at a particular location can be represented well by just a few EOF modes, there may still be a case for using the direct approach if the characteristic profiles are to be used for VIV analysis. The quantity normally used to assess the number of modes required is the percentage of the variance of the original signal that is reproduced in the reconstruction. Even when this value is high, there will be some rare profiles that are not well reconstructed, in which the influence of higher modes is critical. These profiles are likely to have complex vertical structures due to the influence of higher modes, so using just a few modes to represent them effectively smoothes out the fine vertical structure. Such vertical smoothing might make these profiles more critical for VIV, by producing a more slab like profile, in which case the EOF method would introduce additional conservatism. Although the misrepresented profiles are likely to be rare, this is not a basis for removing them because a few rare profiles can sometimes lead to the greatest fatigue damage in a riser.
There are, however, several arguments in favour of the EOF approach for VIV. In some cases vertical smoothing may be desirable, to remove noise in measured data. Furthermore, the limitations of the EOF approach may sometimes be preferable to the low vertical resolution associated with the alternative. Finally, approximations made during criteria derivation may sometimes be less critical than the uncertainties associated with some VIV models.
Empirical Orthogonal Functions (EOF)
EOF, or PCA (Principal Component Analysis), is now a well-known technique for simplifying a dataset, by reducing multidimensional datasets to lower dimensions for analysis (see Jolliffe [8] ).
More precisely, EOF is a linear transformation that transforms the data to a new coordinate system such that the greatest variance by any projection of the data comes to lie on the first coordinate (called the first principal component or EOF), the second greatest variance on the second coordinate, and so on. EOF can be used for dimensionality reduction in a dataset while retaining those characteristics of the dataset that contribute most to its variance, by keeping lower-order principal components and ignoring higher-order ones. Such low-order components often contain the "most important" aspects (features) of the data.
The EOFs are calculated such that the Euclidian norm of the difference between the original data matrix (constructed with the current profiles as columns) and the approximated one is minimized. This is simply obtained by a truncated singular value decomposition (SVD).
For example if only the two first EOFs ) ( 1 z  and ) ( 2 z  are retained, each current profile ) (z c , with z the water depth, is approximated by (1) 
and the approximated current profile series is completely defined by the two time series of the EOF coefficients )
and the two EOFs. If directional profiles are considered, ) (z c can be considered complex or as a concatenated vector (2) ) (
the north and east components. In the complex case, the coefficients i  are also complex.
After the choice of the number n of EOFs is determined, the reduction of the database is made in two steps. First, the calculation of the nD histogram of the n coefficients i  , after discretization in bins of the range of each coefficient. Secondly, calculation of a representative of each nD bin. nD bins with no profile in it are suppressed.
The number of bins in the first step depends of the final number of classes wished in the compressed database.
The calculation of the representative of a nD bin can be made i) in applying Eqn. (1) to the values i
Self Organizing Maps (SOM)
Self Organizing Maps have an excellent potential for better categorizing current profiles. The SOM process begins with a two-component EOF analysis. Then, a nonlinear cluster analysis groups the thousands of current profiles into a smaller number of clusters (Kohonen, 2001 [9] ). The EOF amplitudes are varied to produce a two dimensional array of current profiles. Each original profile is assigned to the EOF profile that it best matches. The EOF profiles are modified by taking weighted averages of the neighbouring profiles in the grid. Then, the original profiles are re-assigned to the modified profiles that they best match. This process is iterated until the sum of differences between the SOM profiles and the original profiles is minimized. Figure 1 shows example results of SOM analysis on a seven by seven grid. The blue lines are the 49 SOM profiles that represent the data, and the faint grey lines are the original profiles. The stronger of the original profiles are well represented by the SOM profiles. There is a lot of variability around some of the weaker SOM profiles when only 49 SOM clusters are used. The variability around the SOM profiles decreases when more profiles are used. 
SCR MODEL AND FATIGUE DAMAGE CALCULATION VIV Analysis Methodology
To evaluate the effectiveness of the current reduction techniques (EOF, CPC & SOM), a vortex-induced vibration (VIV) fatigue analysis was performed on a generic SCR design. The fatigue life of the SCR was then calculated under the prescribed current conditions. The effectiveness (i.e. accuracy) of the reduced datasets (from EOF, SOM & CPC) was then compared to the benchmark fatigue life from the measured or "Gold Standard" dataset. The VIV analysis was carried out using Shear7 v4.5, an industry-standard software tool for the prediction of VIV fatigue of risers [10] .
The SCRs considered for the VIV analysis range from 8" to 12" OD pipe, hung-off a vessel in a free-hanging catenary at departure angles ranging from 8°-20°. The water depths range from 373m -3,350m. Details of the 8" SCR are provided in Tab. 2 and the SCR configuration is shown in Fig. 2 . A flexible joint is included for the hang-off connection at the top of the SCR.
The VIV fatigue analysis of an SCR is performed in a number of steps. Firstly, the riser static configuration is established using Flexcom, which is an industry-standard software package for analysis of a variety of offshore structures, including risers [11] . Afterwards, a modal analysis is conducted in Flexcom to calculate natural frequencies, mode shapes, and modal curvatures along the riser. This information is then fed into the Shear7 VIV analysis where it is used to relate the response characteristics of the riser to the current loading under consideration.
VIV of flexible structures such as risers is a highly complex phenomenon and performing a CFD-type analysis is very computationally intensive and totally impractical with existing technology. Therefore, software based on semi-empirical methods -such as Shear7 and similar packages -are necessarily employed by riser designers for VIV analysis.
Current directionality was not modelled in the analysisall currents were assumed to be facing the same direction. This is the standard approach when using Shear7 as it is essentially a 2D program where cross-flow VIV is computed and in-plane VIV is ignored. In reality, a riser undergoing VIV will describe a "figure-of-eight" motion, with transverse or cross-flow (dominant) and in-line (less dominant) components at right angles to one another.
The 2D analysis limitation means that including directionality in a riser design is difficult in that the in-line component of the VIV fatigue may not be properly accounted for if a directional analysis is to be performed. A further limitation of Shear7 is that it can model a current going in only one direction; in other words the velocity vectors of the current must be aligned throughout the water column.
For WACUP, the current direction was taken as perpendicular to the plane of the SCR, thus inducing vibration in the plane of the SCR. This is typically the most damaging and thus conservative scenario for VIV fatigue because the current loading will higher. An in-plane current requires resolution of the current velocity into its normal and transverse components with respect to the riser angle, therefore the speed of the current becomes reduced locally.
A flowchart of the analysis methodology is provided in Fig. 3 . The same methodology was applied to all the datasets for consistency. The Shear7 input parameters used in the analysis are provided in Tab. 3. Shear7 calculates the VIV response of the riser (A/D) under current loading and the resulting stress ranges and cyclic frequencies of these stresses. Fatigue life was calculated by using a fatigue S-N curve to relate the stresses in the SCR to fatigue damage. The DNV D-class curve was used to represent a typical SCR weld [12] .
In addition to fatigue life (or damage rate, which is the inverse of fatigue life) and vibration amplitude, there are several key outputs from Shear7 that can be examined to assess general trends in the VIV fatigue response; these are: a) the dominant mode length ratio and b) the dominant mode number. A framework for using these parameters to assess fatigue criticality of a current or set of currents has been proposed by Donnelly & Vandiver [13] . For WACUP, the parameters are used as key metrics for evaluating results and comparing differences between the characteristic and Gold Standard datasets. 
VIV Fatigue from the Reduced Datasets
The minimum SCR fatigue lives calculated for each dataset were compared to the Gold Standard. As expected, agreement between the Gold Standard analysis and the reduced datasets generally improves with larger numbers of characteristic profiles. The results were used to evaluate the effectiveness of each method, the relationship between the reduction/characterisation methods and the Gold Standard currents from a VIV context. Refinements to the reduction methods were also implemented. The effect of reducing the dataset by simple temporal sub-sampling was also examined, e.g. considering only every 2 nd or 4 th current and discarding the remainder. Results have showed the good availability of reduction techniques, down to 500 profiles, when optimally implemented, to furnish a correct estimation of fatigue lives. Further details of the project results remain confidential to WACUP participants and are outside the scope of this paper.
CONCLUSIONS
Deepwater current profile characteristics have been examined in detail at four different oil and gas development locations around the world. Comprehensive data gathering and preparation has yielded a Gold Standard dataset at each site, derived from one year or more of in-situ measured data.
Each Gold Standard data set comprised thousands of individual measured profiles, which were reduced to a much smaller volume using a range of established and innovative techniques, including CPC, EOF and SOM.
Using a generic SCR design, riser VIV fatigue was computed at each site for the Gold Standard and for a range of characteristic profile clusters derived from each reduction technique. Comparison of the resulting riser damage estimates allowed the effectiveness of each technique to be quantified. It was possible to enhance each technique to provide more reliable results.
Challenges associated with definition and engineering application of extreme current profile events response has also been tackled. This includes assessment of validity of standard methods. The project considers specification of extreme current profiles for both VIV fatigue damage and static loading design scenarios.
The WACUP project has yielded important new insights into appropriate methodologies of current profile characterisation for riser design. The results are at present undergoing final evaluations and the findings remain confidential to the project. New design guidelines and recommendations are being formulated in the final stages of the WACUP project.
